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[1] The local energy conversion across the magnetopause
has been estimated with Cluster for two magnetopause
crossings. A load region, conversion from magnetic to
particle energy, was identified on the dayside high-latitude
magnetopause during south/dawnward IMF. Another
crossing of the dawn flank magnetotail during dominantly
duskward IMF was identified as a generator region where
the magnetosphere is loaded with magnetic energy. The
observations have been compared to results of the BATS-
R-US global MHD simulation based on observed IMF
conditions. BATS-R-US reproduced the magnetopause
regions crossed by Cluster as a load and a generator
region, correspondingly. The magnitude of the estimated
energy conversion from Cluster and the model are in quite
good agreement. BATS-R-US cannot reproduce the
observed sharp magnetopause and some topological
differences between the observations and the model occur.
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1. Introduction

[2] It is well known that during periods of southward
interplanetary magnetic field (IMF) the energy coupling
between the solar wind (SW) and the Earth magnetosphere
(MSPH) is considerably enhanced. This can best be
explained by a reconnection process occurring in the sub-
solar region. In the vicinity of the reconnection region the
release of magnetic energy accelerates particles producing
high-speed reconnection jets in load regions on the magne-
topause (MP). The energy flow into the MSPH is driven as
the reconnected field lines convect with the SW flow around
the MP. At the MP, generator regions form where the
magnetic tension force breaks the SW flow and the MSPH
is loaded with magnetic energy at the expense of the solar
wind kinetic energy. Figure 1 illustrates the extent of MP
load and generator regions for typical southward IMF
conditions.
[3] Due to lack of global measurements the overall

energy transfer into the MSPH is commonly determined

from empirical proxies [e.g., Akasofu, 1979]. However,
recently Rosenqvist et al. [2008] used Cluster observations
to obtain the local power conversion (Q) across the MP
from the observed quantities based on the following relation

Q Wm�2
� �

¼
Z

~j�~B
� �

�~v|fflfflfflfflfflffl{zfflfflfflfflfflffl}
¼ ~E �~j in ideal MHD

j~vmp �~vscjdt ð1Þ

where vmp is the MP velocity, vsc the spacecraft velocity and
dx = j~vmp-~vscj dt represents the MP width. Generally vmp >
vsc and the second term can be neglected. This relation
represents the conversion between magnetic and kinetic
(thermal and bulk flow) energy. The value and also sign of
the power conversion depends on the reference frame. The
power conversion can be divided into the contributions due
to expansion/contraction of the MP and due to gains or
losses in the MP reference frame. The contribution from MP
motion is difficult to determine and we neglect it assuming
that the motion of the MP is an approximately adiabatic
process. The Lorentz force entering this equation can be
separated into two parts,

~j�~B ¼ r �~Ts �r B2

2m0

	 

; ð2Þ

the first term corresponding to a magnetic tension force and
the second to the magnetic pressure gradient force. The
global energy transfer into the MSPH can be obtained by
extrapolating the local Cluster observations assuming a
function of its spatial dependence over the MP. This has
been done during the Halloween storm the 30th of October
2003 by Rosenqvist et al. [2006].
[4] On the other hand, global magnetohydrodynamic

(MHD) simulations provide a means to investigate both
the global and local energy transfer in the SW-MSPH
system. Palmroth et al. [2003] used, for the first time,
energy transfer estimates from global MHD simulations to
investigate locations on the MP surface where significant
energy transfer took place during the evolution of a major
geomagnetic storm. They calculate the total energy flux
component normal to the MP surface, thus giving the
energy flux transferred from the SW to the MSPH. Recently,
Laitinen et al. [2007] used a method equivalent to the one
described in this paper based on energy conversion deter-
mined from the divergence of the Poynting flux (r � ~S)
which in steady state equals �~E �~j. However, although
models are important tools for investigating SW-MSPH
coupling they must continuously be verified by in-situ
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observations to validate the accuracy of the information
they provide.
[5] In this study we investigate whether a commonly

used global MHD model BATS-R-US can, indeed, repro-
duce the detailed local observations made by Cluster. Two
different MP crossings corresponding to a load (Case 1) and
generator (Case 2) region, respectively, as identified by
Cluster observations have been compared with model
results (see Figure 1).

2. Model and Instruments

[6] The magnetospheric MHD simulation that has been
used in this study is the BATS-R-US model [Powell et al.,
1999; Gombosi et al., 2002]. The BATS-R-US code solves
the MHD equations in 3-D assuming ideal MHD (zero
resistivity). BATS-R-US uses an adaptive grid composed of
rectangular blocks with varying degrees of spatial refine-
ment. The finest resolution of 0.25 RE is used at the location
of comparison with Cluster observations. The upstream
inflow boundary at X = 33 RE is updated with ACE solar
wind and interplanetary data propagated to the sunward
boundary of the simulation domain. The model output is
saved every 60 seconds.
[7] The model results are compared to observations from

the Cluster satellites [Escoubet et al., 2001, and references
therein]. We have used data from the FGM and CIS
instruments.

3. Results

3.1. Case 1: Load

[8] On the 26th of January, 2001, Cluster observed
multiple dayside MP crossings (Case 1) in the high-latitude
northern hemisphere ([XGSM, YGSM, ZGSM] = [4.9, 7.1, 9.7]
RE at 10:39 UT) characterized by high speed reconnection
jets [e.g., Phan et al., 2004]. The interplanetary conditions
(south/dawnward) were very steady during the period of the
crossings [see Phan et al., 2004]. Rosenqvist et al. [2008]
found, using Cluster observations and equation (1), that the
majority of the crossings corresponded to loads. For details
on the estimation of the power conversion, see Rosenqvist et
al. [2008].

[9] Figure 2 shows the simulation result for 26th January,
2001, at 10:39 UT in a cut in the YGSM = 7.2 RE plane, the
Y-position of Cluster. The color coding shows the power
conversion, ~E �~j estimates, which in ideal MHD correspond
exactly to (~j�~B) �~v which we have calculated from Cluster
observations. Red color corresponds to positive Q and thus
load regions while blue corresponds to negative Q and
generator regions. The bowshock is easily identified as
the blue bullet shaped boundary region in front of the
MSPH. Also, we can directly see that the dayside MP
corresponds to a load region. The magnetic field shape is
shown in Figure 2 where black lines correspond to open
field-lines, red correspond to closed field lines, and blue to
the IMF. The arrows show the magnetic field direction in
the X–Z plane.
[10] In order to compare the model estimates with Cluster

observations we need to integrate the model results across
the width of the MP at the location of Cluster. The real
location of Cluster is marked with a black arrow in Figure 2.
However, in the model this region appears to correspond to
an exterior cusp region and hence an open field line
configuration. It is evident from ion measurements that
Cluster observes the high-energy ion population in the
dayside plasma sheet on closed field-lines [see Phan et
al., 2004, Figure 2d]. Therefore, for comparative reasons we
must artificially lower the Cluster location in the model to
ZGSM = 5 RE (grey arrow in Figure 2). This corresponds to
an neighboring closed field-line region which are in good
agreement with the Cluster data. Figure 3a shows a zoomed
in view of the model ~E �~j estimates in the ZGSM = 5 RE

plane and the region of the chosen equivalent Cluster
location. We have integrated ~E �~j along the MP normal
(shown as black arrow in Figure 3a) as estimated with

Figure 1. A schematic sketch of load/generator regions
around the MP during southward IMF and the location of
Cluster (pink arrows represent Cluster trajectories) for the
load (CASE 1) and generator (CASE 2) region.

Figure 2. A cut of the modeled MSPH on 26 January 2001
in the Y = 7.2 RE plane where Cluster is located. The colour
coding shows ~E �~j estimates and vector flow lines of Bx and
Bz.
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minimum variance technique (MVA), nGSM = [0.62, 0.49,
0.61], from Cluster observations (for further details, see
Rosenqvist et al. [2008]). The MP boundary in the model is
identified by a strong peak of the electric current density
and a gradient of the plasma density as the configuration is
changed from the low density MSPH to the high density
magnetosheath (MSH) (not shown).
[11] In the case of the Cluster observations, vmp is used to

convert from temporal to spatial scales to integrate across
the MP width. In the case of numerical simulations the

integral can be estimated directly at the time of the current
sheet crossing as observed by Cluster (10:39 UT) by
integrating along the thick black line in Figure 3. However,
in the model the MP is stationary (vmp 	 0), thus an artificial
spacecraft speed of 100 km/s is chosen such that it takes the
same time to cross the MP as for real satellites. The high
artificial spacecraft speed reflects the fact that the width of
the MP transition region in the simulation is not as sharp as
in observations due to the limitations of solving the MHD
equations on a finite-resolution grid. However, the assump-

Figure 3. Comparison of Cluster and BATS-R-US model results for the load case, 26 January 2001. (a) A zoomed view of
Figure 2 now in the Z = 5 RE plane. (b) Magnetic field and (c) velocity components in GSM coordinates and (d) the power
conversion across the MP. The thick lines corresponds to BATS-R-US estimates and the thin lines to Cluster observations.
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tion of this speed is not critical as it does not affect the
magnitude of the power conversion as it is canceled in the
integration ((~E �~j) vmpDt = (~E �~j)vmp Dx

vmp
= (~E �~j) Dx).

[12] Figure 3b shows that the magnetic field comparison
is rather good between the model and Cluster as well as the
model can reproduce the velocity observations (Figure 3c)
in the MSH. The deviations between the model estimates
and Cluster observations of the velocity in the MSPH might
be due to the fact that the model cannot represent recon-
nection jets on the magnetospheric side of the MP. Figure 3d
shows the estimated power conversion across the MP and
the trends are very similar between the observed andmodeled
curve (blue line). For comparative reasons we have also
added the power conversion deduced from �r � ~S from
BATS-R-US (green line) as used by Laitinen et al. [2007]
and it is a factor two higher than the modeled ~E �~j. This
discrepancy between �r~S and ~E �~j from the model cannot
be explained by temporal changes in the modeled magnetic
field (not shown). Instead, it is most probably due to
numerical dissipation in the MHD code at the MP. However,
it is not clear how this affects the two different quantities
and thus it is not clear which of the quantities, �r � ~S and
~E �~j, should be compared to the observations.

3.2. Case 2: Generator

[13] For comparison and contrast in this study a generator
event was identified on the 19th of November 2003, when
Cluster observed the tailward flank of the MP, [XGSM,
YGSM, ZGSM] = [�2, 15.3, �10.1] RE, at 02:37 UT. The
interplanetary magnetic field was predominantly duskward,
By = 1.3 nT and Bz = 0.1 nT, at this time according to time-
shifted ACE observations using a minimum variance tech-
nique developed by Weimer et al. [2003]. The local power
conversion has been estimated on the basis of equation (1).
The current density was estimated with the curlometer
technique and the MP velocity vmp = 70 km/s was estimated
by timing magnetic field measurements among 4 spacecraft.

[14] Figure 4 shows the simulation result for 19th Janu-
ary, 2003, at 02:37 UT in a cut in the XGSM = �2 RE plane
at the Cluster location. The color coding is identical to that
explained above, although the scale is different for this
event. The black arrow illustrates the location of Cluster and
it is evident that the MP acts as a generator at this location
(blue corresponding to negative Q).
[15] Again, the method to compare the model with

Cluster is identical to what has been described for the load
case above. However, for this case the discrepancy between
the observed and modeled MP thickness was even larger,
thus the artificial spacecraft velocity used for this case
corresponds to 600 km/s. The normal has been estimated
with both MVA and 4-sc timing methods, resulting in very
similar results (MVA giving n ~GSM = [0.13, 0.40, �0.91]).
Figure 5 is identical to Figure 3 but for the current case.
Note, that Cluster observes first the MSH and then the
MSPH, thus we have integrated from right to left in Figure
5a. The model reproduces both the magnetic field and
velocity measurements by Cluster very well (Figures 5b
and 5c).
[16] The modeled power conversion, ~E �~j, in Figure 5d

shows that the MP acts as a generator. For this event �r �~S
and ~E �~j agree well as we are not in the vicinity of a
reconnection site and thus most probably much less affected
by numerical dissipation effects. The equivalent Cluster
estimate, the scalar (~j�~B) � ~v shown as the green line,
corresponds to a load instead. However, if we only take the
tangential velocity component into account, as done in
earlier studies, the Cluster estimate (blue line) corresponds
to a generator. This discrepancy might be due to the fact that
we are going from a very small magnetic field strength in
the MSH to a very large magnetic field strength in the
MSPH which results in a very large contribution of the
pressure gradient force term along the normal direction to
the Lorentz force (see equation (2)). An outward moving
MP (vmp = 70 km/s estimated with 4-sc timing), consistent
with Cluster going from MSH to MSPH, thus results in a
very large positive contribution to Q which completely
dominates the overall power conversion in equation (1).
However, the model represents a nearly stationary MP and
thus we can compare only the tangential contribution to Q in
which both estimates corresponds to generators. Although,
the model observes a lower magnitude of the power
conversion, in this case by about a factor four.

4. Conclusions

[17] The comparison between BATS-R-US ideal MHD
simulation and Cluster observations show that BATS-R-US
can reproduce the detailed magnetic field and, to some
extent, velocity observations from Cluster. BATS-R-US
cannot reproduce the observed sharp MP transition region
and also some topology shifts may occur, e. g. the expanded
cusp region. BATS-R-US correctly predict the regions
crossed by Cluster as a load and a generator region,
correspondingly. The magnitudes of the energy conversion
estimates across the MP from Cluster and BATS-R-US are
in rather good agreement despite the limitations of disconti-
nuities being a function of the grid resolution in global
MHD simulations. The energy conversion estimated by ~E �~j
and �r � ~S in BATS-R-US are in good agreement for the

Figure 4. A cut of the modeled MSPH on 19 November
2003 in the X = �2 RE plane where Cluster is located. The
colour coding shows ~E �~j estimates.
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generator case while they differ by a factor two for the load
case most probably due to numerical dissipation effects in
the MHD code. This difference should be investigated in
more detail as it is important for the determination of which
method to be used when estimating the energy conversion
across the MP in regions of reconnection. Since the mod-
eled MP is nearly static the model cannot take into account
the energy conversion due to MP movement in the form of

expansion or contraction of the MP or the existence of
surface waves. However, Cluster MP crossings are almost
always dynamic due to MP motion. This problem is
particularly dominant when crossing regions of consider-
ably different total magnetic field strength.

[18] Acknowledgments. Simulation results have been provided by
the Community Coordinated Modeling Center at Goddard Space Flight

Figure 5. Same as Figure 3 but for the generator case.
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